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Summary 

A subsonic study of high-angle-of-attack gritting 
strategies was undertaken with a 0.06-scale model of the 
F/A-18, which was assumed to be typical of airplanes 
with smooth-sided forebodies. This study was conducted 
in the Langley 7- by 10-Foot High-Speed Tunnel and 
was intended to more accurately simulate flight boundary 
layer characteristics on the model in the wind tunnel than 
would be possible by using classical, low-angle-of-attack 
gritting on the fuselage. Six-component force and 
moment data were taken with an internally mounted 
strain-gauge balance, while pressure data were acquired 
by using electronically scanned pressure transducers. 
Data were taken at zero sideslip over an angle-of-attack 
range from 0° to 40° and, at selected angles of attack, 
over sideslip angles from -10° to 10°. Free-stream Mach 
number was fixed at 0.30, which resulted in a Reynolds 
number, based on mean aerodynamic chord, of 1.4 x 10 6 . 
Pressure data measured over the forebody and leading- 
edge extensions are compared to similar pressure data 
taken by a related NASA flight research program by 
using a specially instrumented F/A-18, the High- Alpha 
Research Vehicle (HARV). Preliminary guidelines for 
high-angle-of-attack gritting strategies are given. 

Introduction 

During aircraft development programs, it is not 
always possible to do complementary studies to under- 
stand the subtleties of the high-angle-of-attack flow 
physics or to address test technique questions. Conse- 
quently, an integral aspect of NASA’s High-Angle- 
of-Attack Technology Program (HATP) has been to 
increase understanding of the flow physics and to 
develop testing techniques. Another important compo- 
nent of HATP has been the inclusion of a highly instru- 
mented flight vehicle, the High- Alpha Research Vehicle 
(HARV). Having flight data available provides bench- 
mark information for evaluating either wind tunnel data 
or computational data. 

The present test of a 0.06-scale model of the F/A-18 
was part of the HATP program and was intended to fur- 
ther evaluate a testing technique, first described in refer- 
ence 1 , which uses high-angle-of-attack forebody gritting 
patterns. This type of gritting is designed to more accu- 
rately simulate in conventional wind tunnels the bound- 
ary layer characteristics and, thus, the pressure 
distributions associated with high Reynolds number 
flight conditions. This test was a cooperative effort 
involving the U.S. Navy, the McDonnell Douglas 
Corporation, and the National Aeronautics and Space 
Administration (NASA). 


The data from the model test are interpreted in light 
of an earlier test at Ames Research Center conducted by 
Peter Lamont and reported in reference 2. This test used 
a generic, highly pressure-instrumented, 2.0-diameter 
ogive-cylinder model that was tested over a broad range 
of Reynolds numbers and to high angles of attack. By 
virtue of its similar planform to the F/A-18 forebody, 
these data are used to show probable Reynolds number 
trends for the F/A-18. 


Symbols and Abbreviations 

The longitudinal data are referred to the stability- 
axis system, and the lateral-directional data are referred 
to the body-axis system (fig. 1). The data are normalized 
by the usual quantities such as planform area, wingspan, 
and the wing mean aerodynamic chord. The moment ref- 
erence center was located at 0.25 mean aerodynamic 
chord, which corresponds to fuselage station 458.6 in. at 
full scale and 27.51 in. for the 0.06-scale model. While 
dimensions will generally be given for the full-scale air- 
craft, the 0.06-scale dimensions are sometimes added in 
parentheses behind the full-scale values. Symbols used 
for the data of Lamont will be identified as such. 
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Hardware, Procedures, and Data Repeatability 

Thnnel Description 

The tests were conducted in the Langley 7- by 
10-Foot High-Speed Tunnel (HST). This facility is a 
closed-circuit, subsonic atmospheric wind tunnel with a 
test section approximately 7 ft high by 10 ft wide. A 
complete description of the facility is given in refer- 
ence 3. The forces and moments acting on the model 
were measured by using an internally mounted strain- 
gauge balance. The measured forces and moments, in 
turn, were used to determine corrections to a and P due 
to sting bending. Jet boundary and blockage corrections 
were also applied to the data based on references 4 and 5. 

During the test, the angle-of- attack instrument, 
which was located aft of the model sting, was physically 
shifted during other instrumentation work. This uninten- 
tional shift changed the value of a at which many of the 
P-polars were taken. Consequently, a linear interpolation 
procedure has been applied, when appropriate, to facili- 
tate both pressure and force and moment comparisons. 
This interpolation procedure will be discussed further in 
the section entitled “Angle-of-Attack Interpolation Pro- 
cedure and Data Repeatability for Wind Tunnel.” 

A high-a, pitch-roll mechanism was used to take 
data at P = 0° for 0° < a < 40° and, at selected values of 
a, for -10° < P < 10°. The free-stream Mach number was 
fixed at 0.30 for the investigation reported herein, which 
resulted in a Reynolds number, based on mean aerody- 
namic chord, of 1.4 x 10 6 . 

Wind Tfrnnel Model Description 

The geometry of the full-scale F/A- 18 is illustrated 
in figure 2. An installation photograph of a 0.06-scale 
model in the 7- by 10-Foot HST is shown in figure 3. 
The model was tested with a Langley-manufactured, 
pressure-instrumented forward fuselage. The extent of 
this forward fuselage, which includes the forebody and 
the wing leading-edge extensions (LEX’s), is highlighted 
in the figure by its black paint. A schematic showing the 
active pressure instrumentation for the present test is 
shown in figure 4 and illustrates the four active pressure 
rings on the forebody and the three pressure rows on the 
LEX’s. The model was tested with 34° leading-edge-flap 
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deflections (leading edge down), 0° trailing-edge-flap 
deflections, -12° horizontal-tail deflection (leading edge 
down), 0° rudder deflection, single-place canopy, and 
wing-tip mounted missiles. 

The internally mounted strain-gauge balance in the 
0.06-scale model was an Mk XXIIIB Able balance, 
whose characteristics are shown in the following table: 


Component 

Load limit 

Uncertainty in 
coefficient 

Normal force 

1200 lb 

±0.019 

Axial force 

1001b 

±.0018 

Pitching moment 

3600 in-lb 

±0041 

Rolling moment 

800 in-lb 

±00031 

Yawing moment 

1500 in-lb 

±.00065 

Side force 

6001b 

±.0090 


These uncertainty values have been determined by using 
the value of S , the wing reference area, for the 0.06-scale 
model, the value of for M ^ = 0.30, and the balance 
uncertainty values for 95 percent confidence level, as 
established by a NASA calibration. No rigorous error 
analysis was performed during this experiment. 

The uncertainty in the pressure coefficients due to 
the electronically scanned pressure transducers can be 
estimated from the stated manufacturer’s value of uncer- 
tainty, which is 0.1 percent of full scale. The ranges of 
the electronically scanned pressure transducers varied 
from 5-lb modules for the forebody pressures to 15-lb 
modules for the LEX pressures. The only exception was 
that some of the pressures in the most aft forebody 
pressure row at FS 184 were routed to a 15-lb module. 
Based on the flow conditions of this experiment and the 
manufacturer’s value of uncertainty, A M C p ~ ±0.006 for 
most of the forebody pressures and A M C p ~ ±0.017 for 
part of the forebody row at FS 1 84 and all of the LEX 
pressures. For the wind tunnel test, the values of pressure 
coefficients were averaged from 20 samples of pressures 
taken during 2 sec. 

Angle-of-Attack Interpolation Procedure and 

Data Repeatability for Wind Tunnel 

As mentioned, the angle-of-attack instrument, which 
was located aft of the model sting, was unintentionally 
shifted during the test. This incident changed the value of 
a at which most of the Ji-polars were taken. While inter- 
polating data for the a-polars at zero sideslip is not a 
problem because data were typically taken every 2.0°, 
interpolating the sideslip data taken at discrete values of 
a was more problematic. For example, [J-polar data were 
taken for the first nose-ring-only configuration at the 
expected nominal angles of attack of 28°, 32°, 36°, and 
40°. However, with the shift in the instrument, all data 


for the baseline, twin strip gritting pattern were taken 
with a = 29.4°, 33.4°, 37.3°, and 41.3°. The other alter- 
native, high-a gritting patterns, as well as a repeat run 
with the nose-ring-only data, were tested in sideslip at 
only two angles of attack due to time constraints. Those 
values of a were 37.3° and 41.3° because of the shift 
in a. 

Another issue that required interpolation of both sets 
of wind tunnel data was that the data from the High- 
Alpha Research Vehicle (HARV) were generally avail- 
able only at 5° intervals. Because the HARV data had the 
largest increments in a, the most accurate interpolation 
procedure was to interpolate all wind tunnel data to 
match the flight data. 

To illustrate both tunnel repeatability and the inter- 
polation procedure, data from the initial nose-ring-only 
configuration will be compared to the repeat nose-ring- 
only data. The first a-polar at (3 = 0° comparison is 
shown in figure 5. The agreement between the two runs 
is indicative of repeatability after several days of running 
and after a number of grit pattern changes. The offset in 
a caused by the shift of -1.4° in the instrument is appar- 
ent in the plot of C L versus a. 

The second comparison employs the interpolation 
procedure for the repeat data. This comparison is shown 
in figure 6. As intended, the values of a are now identical 
between the two data sets, and the differences due to 
repeatability are clearer. The interpolation procedure 
itself, as would be expected, causes some misleading dif- 
ferences for the predicted points at a = 0° and 20°. The 
misleading difference occurs because both these points 
are isolated, and an interpolation between close, neigh- 
boring points is not possible. That is, the predicted points 
for a = 0° and 20° are calculated from actual data at 
a = 1.2° and 21.4°. To get predicted data at a = 0°, the 
actual data at a = 1.2° is extrapolated by using the slope 
between the actual data at a = 1 .2° and 21 .4°, which does 
not represent the actual slope in the neighborhood of 
a = 1.2° for C D and C m . Similarly, to get predicted data 
at a = 20.0°, the slope between the actual data at a = 1 .2° 
and 21.4° is again used with the same shortcoming, that 
does not represent the actual slope in the neighborhood 
of a = 20°. Apart from these isolated points, the interpo- 
lation procedure appears adequate, and the repeatability 
between runs appears to be on the order of 
A r C L ~ ±0.02, which is comparable to the nominal bal- 
ance uncertainty of A b C L ~ ±0.016. The other differ- 
ences in C D and C m against C L are all comparably 
small and may actually be due to the differences in C L . 

Repeatability for lateral-directional properties in 
sideslip are highlighted in figure 7 for the original and 
repeat nose-ring-only data without any interpolation. The 
difference in a between the two sets of data averages 
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about 0.9°. The comparison is refined in figure 8 by 
interpolating the repeat data P-polars at a = 37.4° and the 
just shown data at a = 41.3° to the original value of 
a = 40.4°. Bringing the values of a into agreement by 
interpolation does improve the agreement, and the 
differences shown in figure 8 are representative of the 
repeatability when retesting a given gritting pattern. 

The comparable repeatability in pressure coefficients 
between the original grit ring data and the interpolated 
values of the repeat grit ring are summarized in figure 9 
for the forebody pressures and in figure 10 for the LEX 
pressure stations. The angles shown for the comparison 
are those for the original grit ring data, a = 20.2°, 30.3°, 
35.4°, 40.3° and at a ~ 40.3° for values of P = 4° and 
P = 8°. It is also important to note that the interpolated 
repeat run data for C p appear to be acceptable at 
a = 20.2°. In fact, an alternative extrapolation method of 
linearly extrapolating to a = 20.2° from existing data at 
a = 21.4° and 25.4° gave virtually identical results. Con- 
sequently, the paper will present pressure comparisons 
between both wind tunnel sets of data and flight data at 
a = 20° because of the acceptable repeatability of these 
data in figures 9 and 1 0. 

As shown in figure 9, the repeatability in the values 
of forebody C p appears to be on the order of 
A r C p ~ ±0.05 for most of the conditions and pressure 
ports. For the most extreme conditions displayed, that 
of a = 40° and P = 8° (fig. 9(f)), however, there are 
larger differences at FS 184 in the leeward region 
1 80° < 0 < 240°, where differences become as large as 
A r C p ~±0.2. The LEX pressure data in figure 10 
suggest that differences are generally less than 
A r C p ~±OA. 

Description of the HARV Flight Vehicle 

The flight tests were conducted at Dryden Flight 
Research Center by using the F-18 HARV, as reported in 
references 6 and 7. The HARV, which is shown in 
figure 11, is a highly instrumented preproduction single- 
place F/A-18 airplane that was modified from the Navy 
preproduction spin test airplane. Its wing has both 
leading- and trailing-edge flaps that are scheduled with a 
and M oo . At values of a >26° and ^^<0.76, the 
leading-edge- flap deflection angle goes to a maximum 
value of 34°, and the trailing-edge-flap deflection angle 
goes to 0°. The HARV was flown without stores and the 
wing-tip missile rails have been modified to carry camera 
pods and wing- tip air data probes. The data to be 
reported herein have been acquired since thrust vectoring 
was added to the airplane. 

The pressure data were acquired by using onboard 
electronically scanned pressure transducers, and the data 
were transmitted to a ground station. The sample rate of 


the pressure data acquisition was 10 samples/sec, and 
10 samples were averaged to create the data point. Refer- 
ence 7 contains additional details. The data reported 
herein were taken with the thrust- vectoring system 
installed on the aircraft. 

Data Repeatability for Flight 

The flight data itself will be expected to have some 
uncertainty due to repeatability. The first series of com- 
parisons is for nominal values of a = 30°, 35°, and 40°. 
While flight data for repeat points are not available for 
positive values of p and a = 40°, they are available for 
negative values of p. Figure 12 illustrates the flight data 
repeatability comparisons for the four forebody stations, 
while figure 1 3 illustrates the comparable differences for 
the LEX pressure rows. 

As shown in figure 12, the forebody comparisons 
for a = 30° display reasonable repeatability with 
A r C p ~ ±0.05. While some of the points used to estab- 
lish flight repeatability have differences in values of 
Re-, these differences are not expected to impact the 
assessment of repeatability for the following reasons. 
First, the values of Re- are large. Second, comparable 
forebody data of Lamont, discussed in the next section, 
show no sensitivity to comparable changes in Re~. The 
data for Re- = 10.3 x 10 6 at station FS 184 inclucfe only 
values for 0 < 1 80° because of a malfunctioning pressure 
module. At a nominal value of a = 35°, the differences in 
C p are generally on the same order as for a = 30°. 
For the forebody pressure coefficients at a = 40°, 
A r C p ~ ±0.1 in the attached flow regions near the sides 
of the body, where 0 = 105° and 255° at FS 85, and in 
regions of the vortex suction peaks for FS 85. Similar 
differences are seen in the regions of vortex suction 
peaks 0 = 160° and 200° at FS 142. The examples for 
sideslip conditions show differences generally on the 
order of half a symbol width, or ±0.05. 

A similar comparison sequence is found for the LEX 
pressures shown in figure 13. In this case, however, 
A r C p ~ ±0.1 at a = 30°. At higher values of a and for 
the nonzero values of P, differences in C p for the rear- 
ward two pressure stations are as high as A r C p ~ ±0.2. 

Reynolds Number Effects on Smooth-Sided 
Forebodies 

The value of Reynolds number at which a smooth 
body is tested determines, to a large extent, the strength 
of the vortices shed and, consequently, the magnitude of 
direct forces acting on the forebody (refs. 8 through 12). 
However, because of the potential of nonlinear vortical 
interactions between the forebody and subsequent vorti- 
ces formed over the LEX’s or main wings, Reynolds 
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number effects over the forebody may have significant 
impact on the longitudinal and lateral-directional stabil- 
ity of a full configuration (ref. 13). 

As a first look at Reynolds number effects on 
smooth-sided forebodies, it is useful to review a work by 
Keener (ref. 14). This report contains oil flow, Schlieren, 
sublimation, and vapor screen photographs concerning 
various forebody shapes that were tested at Ames 
Research Center. One of the shapes most frequently 
tested was a tangent ogive mounted on a sting. The tan- 
gent ogive had a length-to-diameter ratio of 3.5 and is 
designated a “3.5-diameter” tangent ogive. An example 
of the type of oil flow information reported is shown in 
figure 14, where a - 40° and Re D = 0.80 x 10 6 . The 
two views shown are 135° and 180° from the windward 
plane of symmetry. 

As seen in figure 14, the oil flow pattern is quite 
complicated, and as explained by Keener, highlights 
three basic flow patterns in cross section — a laminar pat- 
tern (LP), a transitional pattern (TRP), and a turbulent 
pattern (TP). In figure 15 are three cross-sectional 
sketches that Keener used to present his model for the 
flow patterns associated with LP, TRP, and TP regimes. 
All three patterns illustrate flow reattachment ( R ) near 
the leeward plane of symmetry and subsequent second- 
ary separation (SS). The TRP pattern is the most compli- 
cated. Primary laminar separation (LS) occurs, but the 
separated shear layer becomes turbulent and reattaches to 
the body, forming a confined bubble region (B). The 
flow subsequently undergoes turbulent separation (TS). 
Near the end of the ogive, where the local diameter is 
greatest, the effective Reynolds number is high enough 
for the boundary layer to have a transition before laminar 
separation can occur, which results in the TP pattern. 
Thus, no separation bubble forms, and the flow separates 
in a TS manner. 

As will be developed, each of these flow 
topologies — LP, TRP, and TP — involve different separa- 
tion locations and vortex strength progression in the 
streamwise direction. For this particular example, the 
length of the laminar region is very similar to that of the 
transitional region. All three regions are present and 
important in high-a flight of the full-scale vehicle. 

During the late 1970’s, Dr. Peter Lamont tested 
a pressure-instrumented, 2.0-diameter ogive-cylinder 
model in the Ames 12-Foot Pressure Wind Tunnel. Data 
from this entry were summarized in reference 2, as are 
details about model installation and instrumentation. 
However, the bulk of these pressure data has never been 
published. Some additional data from Lamont are pre- 
sented in this paper, courtesy of Jerry Malcolm and 
Lewis Schiff, who shared the original data files with 
Langley Research Center. 


Figure 16 compares the planform of the model used 
by Lamont to the forebody planform of the F/A-18. As 
seen in the figure, the planforms of these two bodies are 
similar, and one might expect their behavior to be 
related, given the success that researchers have had in 
correlating forebody planform and the onset of vortical 
flows (ref. 15) and vortex asymmetries (refs. 12 and 15). 
With regard to general trends, figure 17 displays the 
normal force coefficient C/y 35£) , calculated by using the 
integrated pressure over the first 3.5 diameters of the 
Lamont body. 

As seen in figure 17, the magnitude of the normal 
force, as expected, depends on both a and on the value of 
Reynolds number based on diameter Re D . For 
Re D ~0.2x 10 6 , in which the basic flow topology is 
LP, separation occurs in such a fashion as to result in 
strong vortices. These strong vortices result in the large 
values of Cjv 35d - In the intermediate range of Re^ from 
0.4 x 10 6 to 1.2 X 10 6 , the shedding along the aft por- 
tion of the body has ceased to be laminar, and the flow 
topology becomes TRP in nature. That is, over the aft 
portion of the body, laminar separation is followed by 
turbulent reattachment and subsequent turbulent separa- 
tion. The strength of the vorticity being shed in these 
“transitioned” regions is reduced and results in weaker 
vortices and reduced values of Cn 35D ' As the Reynolds 
number continues to increase, the LP and TRP regions 
compress toward the nose, and the third TP (turbulent) 
topology appears and begins to increase its extent and 
influence. Because the resulting vorticity shed in the TP 
region is stronger than that in the TRP region, once again 
the values of C^ 35D increase. 

It is instructive to look at some of the individual 
pressure distributions of Lamont to better understand the 
details of the Reynolds number effects. For the current 
F/A-18 wind tunnel data, the value of Reynolds number 
based on mean aerodynamic chord Re- is typically 
1.4 x 10 6 , and an effective forebody Reynolds number 
Re^ can be calculated based on vertical height of the 
fuselage at FS 184, which is 2.96 in. for the 0.06-scale 
model. Therefore, if Re- = 1.4 x 10 6 , a value of Re n 
appropriate for the forebody is 0.5 x 1 0 . The most sim- 
ilar Lamont data are for Re D = 0.4 x 10 6 , and the level 
of normal force grows as Rc D increases from that 
value. The upper value of Re^ can be based on a 
typical flight value of Re- = 10xl0 6 , which yields 
Re D ~3.6xl0 6 and is similar to Lamont data at 
Re^ = 3.9 x 10 6 . Consequently, for the present illus- 
tration, Lamont’ s pressure data that will be shown are for 
Re D = 0.4 x 10 6 , 3.0 x 10 6 , and 3.9 x 10 6 at a = 20°, 
30°, and 40°. 

One difference between the data at the various val- 
ues of Re D in figure 18 is in the values of M^. For the 
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lowest Reynolds number data, M ^ = 0. 1 1 , and for the 
higher Reynolds number data, M ^ < 0.28. Nevertheless, 
these different values of are all sufficiently low 
enough that the normal component of Mach number rela- 
tive to the body <0.18, where Polhamus (ref. 16) deter- 
mined that compressibility effects begin for two- 
dimensional cylinders in cross flow. 

Figure 1 8 plots these data of Lamont at pressure row 
locations that correspond most closely to the F/A-18 
pressure rows based on figure 16. The only exception is 
that Lamont's most similar station to FS 184 would be 
the row at x/D = 3.5; however, for these conditions, 
Lamont data were apparently lost due to a malfunction- 
ing pressure transducer. Consequently, data taken at the 
next pressure station at jc ID - 4.0 will be shown instead. 

The Lamont data for a = 20° are presented in 
figure 1 8(a) and illustrate that for the first two stations, 
0.75 and 1.25, there are not any noticeable Reynolds 
number effects. Nevertheless, at the last two stations, 
2.50 and 4.00, it is clear that both the data with 
Rc D = 3.0 x 10 6 and 3.9 x 10 6 have stronger forebody 
vortex suction footprints near azimuthal locations 
0 = 160° and 0 = 200° than do the data for 
Re^ = 0.4 X 10 6 . The vortex suction footprints at sta- 
tion 4.00 clearly are stronger than those at station 2.50. 

For a = 30° (fig. 18(b)), differences appear in the 
attached flow suction peaks at 0 = 100° and 260° at sta- 
tions 0.75 and 1.25. These differences in the attached 
flow region are in the expected direction because the 
higher Reynolds number boundary layer is expected to 
be thinner. This thinner boundary layer would result in 
less growth in the boundary layer displacement thickness 
and would lead to an “effective” radius of curvature in 
the cross-flow direction closer to the value of the circular 
geometry. This smaller effective radius of curvature 
would result in the higher attached flow velocities, and 
consequently, in the more negative values of C p . Notice- 
able differences also appear at Lamont station 1 .25 with 
the larger Reynolds number data showing slightly more 
suction for 150° < 0 < 210°. At Lamont station 2.50, very 
significant differences appear with increasing vortex suc- 
tion peaks for the two higher values of Re^. For Lamont 
station 4.0, there are significant differences between the 
data for Re D = 0.4 x 10 6 and the higher Re^ data, 
both for the attached flow suction peaks at 0 = 80° and 
280° and for the leeward vortex suction peaks. The two 
data sets at the higher values of Re^ are virtually identi- 
cal. In contrast to the data for higher values of Re D at 
a = 20°, the magnitude of the vortex suction peaks at 
0 = 160° and 200° at station 4.00 is not as large as those 
at station 2.50. Given that the boundary layer character is 
not changing at the higher values of Rc D between sta- 
tions 2.50 and 4.00, this reduction in vortex suction down 


the body is attributed to vortex shedding between these 
two stations and the subsequent movement of the vorti- 
ces away from the body. A similar character will be seen 
in the F/A-18 data described later in the paper. 

The final data comparison for a = 40° (fig. 18(c)) 
shows the most dramatic differences. At this higher angle 
of attack, the Re^ = 0.4 x 10 6 data are behaving as 
though their effective Reynolds number were decreasing. 
(See ref. 16 for the effect of a on effective Reynolds 
number.) This trend of more laminar flow indicates that 
the larger vortex suction peaks at stations 0.75 and 1.25 
are remnants of stronger vortex shedding that occurred in 
the laminar region upstream of these stations. These suc- 
tion peaks are actually more pronounced than the turbu- 
lent high Reynolds number peaks seen for the higher 
values of Re D . The vortex suction peaks in figure 18(c) 
are again smaller in magnitude at station 4.00 than at 
station 2.50 for the two higher values of Rc D . The two 
data sets at the higher values of Re D are again nearly 
identical. 

The data of Lamont can be helpful in understanding 
the flow progression that may occur over the F/A-18 
forebody when the Reynolds values change from con- 
ventional wind tunnel Reynolds numbers to flight 
Reynolds numbers. However, there are some differences 
in geometry between the Lamont model and the F/A-18 
forebody. First, as shown in figure 4, the cross sections 
of the F/A-18 forebody are not circular at FS 142 and 
FS 184. Second, in the F/A-18 full configuration, the 
forebody is canted down 5.6° to provide the pilot with 
increased visibility. 

If the F/A-18 generally follows the Lamont trends, 
with the above limitations in mind, the following might 
be expected when Reynolds number values change 
from the wind tunnel value of Re^ = 1.4 xlO 6 
(Re£>~0.4x 10 6 ) to the flight-like values of 
Re^ = 10.0 x 10 6 (Re D ~ 3.6 x 10 6 ). Effects at FS 85 
and FS 107 should consist of modest differences in the 
leeward region between 150° < 0 < 210° and differences 
in the attached flow regions near 0 = 100° and 260°. The 
differences at FS 142 should be the most dramatic of the 
forebody stations and should illustrate large differences 
in the forebody vortex suction footprints near 0 = 160° 
and 200°. The differences at FS 184 should be more 
subdued than those at FS 142 and should consist of more 
negative values of C p in the leeward region between 
120° < 0 < 240° and differences in the attached flow 
peaks near 0 = 90° and 270°. 

Of course, these expected differences underscore 
concerns about testing in conventional wind tunnels 
where the values of Rt D are not close to those of flight. 
For low-speed testing of large (—1/6 scale) models, 
values of Rz D for the forebodies are typically in the 
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neighborhood of 0.3 x 10 6 and 0.4 x 10 6 — that is, on 
the slope toward decreasing values of measured side 
force. The typical “higher” Reynolds number tests asso- 
ciated with high subsonic and transonic Mach numbers 
with smaller models (-1/15 scale) usually fall very near 
the 0.8 x 10 6 minimum. Consequently, instead of pre- 
dicting the stronger vortex influences that are typically 
seen at the higher values of Re^, (~4 x 10 6 ) associated 
with flight at high-a, ground tests may be expected to 
underpredict the forebody normal forces. Therefore, 
implementing a successful gritting procedure for high-a 
testing is important. 

That the forebody pressure data for 
Rc D = 3.0 X 10 6 and 3.9 x 10 6 gave virtually identical 
pressure distributions suggests that as the value of 
Reynolds number becomes large, the magnitude of 
Reynolds number effects may become small. During the 
presentation of the flight repeatability data, two repeat 
points had values of Re^ of 7.6 x 10 6 and 10.3 x 10 6 . 
These values of Re^ correspond to values of 
Rc D = 2.7 X 10 6 and 3.7 X 10 6 , which are very similar 
to the two highest values of Re 0 tested by Lamont, 
Re D = 3.0 X 10 6 and 3.9 x 10 6 . Thus, on the basis of 
good agreement of these two high Reynolds number data 
sets by Lamont pressure distributions, the forebody flight 
data are expected to be insensitive to differences in 
values of Re^ in this range of approximately 8x 10 6 
to 10 x 10 6 . 

High-Angle-of-Attack Gritting Strategies 

Wind Thnnel Model 

Since most aircraft development programs do not 
have ready access to facilities that test at full-scale 
Reynolds numbers early in the program, the challenge 
for experimental test techniques is to simulate the higher 
Reynolds number flow during testing in conventional 
tunnels. Classic gritting procedures (refs. 17 and 18) 
were developed with the assumptions of attached flow 
and led to the development of the standard nose ring, 
which is sized and located to cause transition in the lami- 
nar boundary layer flow in the longitudinal direction. 

However, when slender bodies are at moderate-to- 
high values of a, the flow about the bodies becomes 
more aligned to the cross-flow direction than to the lon- 
gitudinal direction (ref. 14), and flow patterns in the 
cross-flow direction will be similar to those of figure 15. 
In the wind tunnel, with its lower values of Reynolds 
number, the laminar and transitional topologies will 
extend over more of the wind tunnel model than will be 
the case for flight. Consequently, to simulate the more 
turbulent flow typically seen in flight, it is necessary to 
have a transition of the flow in the cross-flow direction 


between the windward plane of symmetry and the possi- 
ble laminar separation position, which is usually 70° to 
120° around the body from the windward plane of 
symmetry, depending on geometry M ^ and Reynolds 
number. 

In terms of where to position the grit azimuthally 
between the windward plane of symmetry and the possi- 
ble laminar separation location, there are a number of 
issues to consider. First, there must be sufficient run 
length along the streamwise direction between the line of 
attachment and the position of the grit so that the 
Reynolds number based on this run length Re ; is greater 
than 0.1 x 10 6 . This criterion is necessary for the grit to 
be effective according to Braslow, Harris, and Hicks 
(ref. 18). At a typical value of M ^ = 0.3 for an atmo- 
spheric tunnel, the unit Reynolds number per foot is on 
the order of 1.8 x 10 6 . A value of Re^ = 0.1 x 10 6 
would consequently correspond to an effective stream- 
line distance of 0.7 in. Because the streamlines moving 
away from the line of windward attachment will have 
components in both the longitudinal and cross-flow 
directions, a conservative placement guideline would be 
to place the grit at least 0.7 in. in the azimuthal direction 
from the expected windward line of attachment. 

The second issue to be considered is whether or not 
the model will be tested in sideslip. If sideslip is 
required, the azimuthal location of the grit should be 
pushed even farther from the windward plane of symme- 
try. The concern is that in sideslip, the line of windward 
attachment could migrate close enough to the grit on one 
side so that the value of Re^ is no longer greater than 
0.1 x 10 6 and could lead to the grit being ineffective on 
that side and effective on the other, a situation to avoid. 

A final issue is that reported in reference 19 for two- 
dimensional cylinders in cross flow. Patterns that place 
grit in high-velocity regions near the maximum half- 
width of a body 0 ~ 90° can result in excessive loss of 
boundary layer momentum and can lead to premature 
boundary layer separation. This last issue constrains one 
not to place the grit too far from the windward plane of 
symmetry because of this potential excessive “grit drag” 
when the grit is placed too close to the attached-flow, 
maximum velocity region. Excessive “grit drag” would 
manifest itself as too much normal load on the forebody. 
Data confirming excessive “grit drag” due to a global grit 
pattern that had grit throughout the regions of maximum 
velocity are illustrated in reference 20 for an ogive- 
cylinder test. 

Consequently, to optimally place grit along a 
smooth-sided forebody to better simulate high Reynolds 
number, high-a flows requires trading off two conflict- 
ing goals. The first is to push the grit outward, away from 
the windward plane of symmetry, to give the grit the best 
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chance of tripping the flow and to reduce the sensitivity 
of the grit to shifts in the line of flow attachments due to 
sideslip variations. The second goal is to keep the grit 
away from the regions of maximum flow velocity, where 
the momentum losses in the boundary layer would be 
more detrimental. 

The most successful high-a gritting pattern of 
related Langley research (refs. 1 and 20) uses “twin 
strips,” in which one strip of grit is placed longitudinally 
along each side, in addition to the standard nose ring of 
grit This twin-strip pattern is called the “baseline” pat- 
tern in the current study and is illustrated in figure 19(a) 
for the 0.06-scale model. The values of the azimuthal 
angle of the strips 0, which is measured from the wind- 
ward plane of symmetry, change from 72° near the nose 
to 58° aft near the longitudinal position where the LEX’s 
begin. Near the nose at FS 85, the center of each twin 
strip is about 0.75 in. along the surface in the azimuthal 
direction from the windward plane of symmetry, which 
is just beyond the 0.70-in. criterion for the present test 
conditions. At FS 107, 142, and 184, the twin strips are 
respectively 1.0, 1.4, and 1.5 in. from the windward 
plane of symmetry. 

The standard nose ring is retained to cause a flow 
transition in the longitudinal direction at low angles of 
attack whereas the twin strips cause a flow transition in 
the cross-flow direction at higher angles of attack. The 
baseline, high-a pattern uses No. 180 (0.0035-in. nomi- 
nal size) grit for the twin strips, which are approximately 
0.25 in. wide, except close to the nose where they nar- 
row, and No. 90 (0.0070-in. nominal size) grit for the 
nose ring, which is about 0.12 in. wide and is 1 in. back 
from the nose tip (along the surface). Figure 19(b) illus- 
trates the baseline gritting pattern. The No. 90 grit in the 
nose ring was sized on the basis of reference 18, and the 
No. 180 grit in the twin strips was determined, on the 
basis of the changed character of the pressure distribu- 
tions, to be sufficiendy large to cause a transition in the 
flow for = 0.3, even though No. 90 grit would be a 
more usual choice, based on reference 18. 

Several alternatives to the baseline, high-a pattern 
were also explored. The first alternative, shown in 
figure 19(c), was the baseline pattern plus No. 180 grit 
forward of the nose ring. For this pattern, a 0.0625-in. 
gap was left between the nose ring and the forward grit. 
The additional grit pattern extended forward to within 
0.12 in. from the nose tip. Another 0.0625-in. gap in this 
forward grit addition occurred at FS 70, where there is 
another pressure row in the forebody, which was not 
active for the current test because of a limited number of 
pressure modules in the model. The purpose of this 
“frontal” addition was to locate the transition of the 
boundary layer as far toward the nose tip as possible. 


A second alternative, shown in figure 19(d), was to 
retain the baseline pattern and add No. 80 (0.0083-in. 
nominal size) grit to the maximum half-width region of 
the forebody. Because the pressure rows could not be 
covered, the additional grit pattern was placed in four 
blocks on each side of the forebody. One block was 
located between the nose ring and the pressures at FS 85, 
the second block was located between the pressures at 
FS 85 and FS 107, the third block spanned FS 107 and 
FS 142, and the last block was located between FS 142 
and FS 185. A 0.0625-in. gap was left between the exist- 
ing twin strips and the four blocks, and the longitudinal 
separation between the blocks was 0.35 in. to keep the 
grit a distance from the pressure rings. The location of 
the top of the blocks was determined by running a line 
from the forward tip of the LEX to the nose ring along a 
constant azimuthal location. The intention of this “side” 
pattern was to assess “overgritting” the forebody. 

A third alternative, illustrated in figure 19(e), was to 
modify the twin strips of the baseline pattern with nar- 
rower twin strips at the same azimuthal location. The 
baseline pattern was approximately 0.25 in. wide, 
whereas the narrower strip was approximately 0.13 in. 
wide. The purpose of this gritting alternative was to 
determine whether the data were sensitive to the strip 
width. 

A fourth alternative pattern evaluated, shown in fig- 
ure 19(f), was with the nose ring only. This pattern was 
actually run twice — before and after the high-a gritting 
patterns. These data were also used to assess repeatabil- 
ity for the experiment. 

Flight Vehicle 

A unique opportunity to gain further insight into the 
effects of high-a gritting occurred when a high-a gritting 
pattern was applied to the HARV vehicle during the 
course of the flight test program (ref. 21 ). The grit pattern 
was similar to the “twin strip” portion of the baseline pat- 
tern used for the 0.06-scale model. For flight, however, 
the twin strips were located 80° above the windward 
plane of symmetry, as shown in figure 20. The grit was 
No. 36 (0.0232-in. nominal size), and the longitudinal 
strips were only 0.13 in. wide. The strips extended from 
1 in. back from the nose tip to just below the LEX apex. 

Discussion of Results 

The order of data presentation will be as follows. 
First, the effects of gritting on pressures in flight will be 
summarized to highlight the effects that gritting might 
have in the wind tunnel. Second, wind tunnel pressure 
data with baseline high-a gritting and with the nose-ring- 
only pattern will be compared to ungritted flight pressure 
data. Next, comparisons will be made for the baseline 
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pattern plus frontal gritting, the baseline pattern plus side 
panels of grit, and the baseline pattern using narrower 
twin strips. 

Summary of Gritting Effects in Flight 

Even though the flight data are at high Reynolds 
numbers, forcing transition to be within inches of the 
forebody tip by gritting showed a definite impact on the 
forebody surface pressures. As pointed out by Fisher, 
Del Frate, and Richwine in reference 6, the reason for 
this impact is that, even in flight, there is evidence of 
laminar separation bubbles and turbulent reattachment 
nearly as far aft as FS 107 at high values of a. Conse- 
quently, when gritting is applied to cause transition of the 
boundary layer flow close to the tip, which is at FS 60, 
the flow topology over the first 40 or 50 in. of the air- 
plane can be altered. 

The comparisons of grit-free and gritted-flight fore- 
body and LEX pressures are shown in figures 21 and 22. 
The flight data with grit were not taken for the full range 
of angles of attack. For comparison to the wind tunnel 
data, the two closest values of angles of attack are 
a = 35° and 45°. The forebody pressure comparisons are 
summarized in figure 21 at these two values of a. The 
agreement between grit on and grit off is quite good for 
a = 35°, with the exception of the vortex suction peaks at 
FS 107, figure 21(a), which occur at 0 = 165° and 195° 
and at FS 142, which occur at 0 = 160° and 200°. For the 
more forward location, the vortex suction peaks are 
stronger for the grit-on case, while the reverse is true at 
FS 142. The stronger vortex suction at FS 107 would be 
expected on the basis of general Reynolds number argu- 
ments; however, the reduction in the suction at FS 142 
may result from the stronger vortices at FS 107 shedding 
earlier from the body. Interestingly, vortex shedding 
from the model of Lamont also appears to be occurring 
between the comparable stations 2.50 and 4.00. 

Data for a = 45° are shown in figures 21(b) and (c) 
and indicate similar results for both no sideslip and side- 
slip. At this value of a, however, the stronger forebody 
vortices with gritting are now apparent even for the 
FS 85 station, where the vortices footprints are larger, as 
evidenced by the increased suction pressures on the lee 
side near 0 = 160° and 200°. At FS 107, the contrast in 
the suction pressures between the gritted data and the 
ungritted data is even larger than at a = 35°. There is still 
a reduction in suction peak at FS 142. The data at FS 1 84 
seem to be rather insensitive to the presence of the grit. 
The same trends hold for a = 45° and P = 4°, as shown in 
figure 21(c). 

The LEX pressure distributions are illustrated in fig- 
ure 22 and contain some differences between the no-grit 
and twin strip flight data. However, there is no definite 


trend for these differences. Furthermore, the magnitude 
of these differences in C p at all three stations is on 
the same order as the repeatability data of figure 13, 
\C p ~±0.2. 

To summarize, the effect of a high-a gritting pattern 
in flight is to increase the strength of the forebody vorti- 
ces at FS 85 and 107. However, the strength at FS 142 is 
reduced, possibly due to vortex shedding. The pressure 
distribution at FS 184 seems to be insensitive to the pres- 
ence of gritting. There is no consistent trend in the LEX 
pressures resulting from the gritting. 

Baseline Pattern Compared to Nose-Ring-Only 

Pattern and Flight Data 

The first pressure comparisons are for the wind tun- 
nel data using the baseline gritting pattern compared to 
the nose-ring-only data and to the flight data. The fore- 
body pressure comparisons are shown in figure 23. For 
a = 20° (fig. 23(a)), the gritted and ungritted data for the 
wind tunnel (the solid and dotted lines) fall very close to 
each other. The wind tunnel data, however, appear to 
have differences with the flight data in the attached flow 
regions 9O°<0<12O° and 240° <0 <300° for both 
FS 85 and FS 107. In these regions the flight pressure 
coefficients data are more negative than the tunnel val- 
ues. The flight data at FS 142 contain pressure spikes due 
to the presence of antenna covers on the flight forebody 
(ref. 7) in the vicinity of 0 = 95° and 265°. These flight 
pressure perturbations in these regions of 0 will be appar- 
ent at all values of a and p. The presence of the gun bay 
vents for the flight vehicle (ref. 7) at FS 1 84 is the reason 
that there are no flight pressure data for 0° < 0 < 48° and 
312° < 0 < 360° and may be the reason that there are 
differences in the pressures between flight and tunnel 
data for the regions 48° < 0 < 90° and 270° < 0 < 312° 
at some of the higher values of a. 

For a = 30° (fig. 23(b)), differences between flight 
and tunnel data continue to be apparent in the attached 
flow pressure regions near 0 = 105° and 255° at FS 85 
and FS 107. A discontinuity appears in the baseline data 
at 0 = 72° at FS 107 and at 0 = 90° at FS 142, which are 
apparently bad pressure ports for the baseline pattern 
runs. For both figures 23(a) and (b), the flight data appear 
to have had more highly accelerated flow about these 
pressure minimums than do the tunnel data. These differ- 
ences could be due to the higher Reynolds number of 
flight, as was expected on the basis of the Lamont data, 
or they could be due to repeatability differences in the 
data. Unfortunately, there is not enough statistical infor- 
mation for either the flight or wind tunnel data sets to 
more properly quantify what the error bars should be. 
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At FS 142, the utility of the baseline grit pattern is 
already apparent in that the grit-ring-only data show no 
evidence of vortex suction peaks on the leeward side near 
0 = 160° or 200°, while the baseline pattern clearly simu- 
lates the presence of the suction peaks, even though their 
strengths are underpredicted. At FS 184, the nose-ring- 
only data are more negative than the baseline data and 
match the flight data better. These differences at FS 184 
between the wind tunnel data, however, are within the 
level of repeatability established for the forebody, 

A r C ~±0.05. 

A similar situation is seen for a = 35° (fig. 23(c)). 
Again, differences are seen between the flight and wind 
tunnel data for the attached flow pressure minimums near 
0 = 105° and 255° at FS 85 and FS 107. The vortex suc- 
tion peaks at FS 142 are again better represented by the 
baseline data than by the nose-ring-only data. While the 
wind tunnel baseline gritted pattern underpredicts the 
ungritted, flight vortex suction peaks, the baseline gritted 
peaks are nearly identical to those shown in figure 21(a) 
for the gritted flight data at FS 142 for a = 35°. At 
FS 184, it is not clear which pattern matches flight better. 
The nose-ring-only data seem to agree better with the 
flight data for 0° < 0 < 180°, while the baseline pattern 
data agree better for 180° < 0 < 360°. In general, all dif- 
ferences are within the uncertainty seen in the respective 
tunnel or flight data except for the vortex suction peaks at 
FS 142. Clearly, the baseline twin strip pattern is doing a 
better job of simulating the flight pressures for these very 
prominent features than is the nose-ring-only pattern. 

The data for a = 40° and P = 0°, 4°, and 8° are high- 
lighted in figures 23(d) to (f) and substantiate the benefits 
of the baseline gritting pattern. Apart from the known 
bad orifices at FS 107 and 0 = 72° and at FS 142 and 
0 = 90°, the baseline pattern more accurately simulates 
both the suction peak magnitudes and leeward side pres- 
sure gradients for FS 142 and FS 184. A significant dif- 
ference between the two wind tunnel data sets is seen for 
P = -8° (fig. 23(f)) at the attached flow pressure peak 
near 0 = 240°. The nose-ring-only pattern clearly over- 
predicts this suction peak, compared to the baseline pat- 
tern or to the flight data. 

The corresponding data for the LEX pressures are 
shown in figure 24. Interpreting the LEX pressure data 
for the F/A-18 can be more difficult than the forebody 
pressures because of asymmetries in the pressures 
between the left and right LEX’s. These asymmetries, 
which will appear in both the flight and wind tunnel data, 
probably arise from geometric asymmetries, left to right, 
over either the forebody, the LEX’s, or both. When inter- 
preting the data, it is also important to remember that the 
pressure coefficients over the LEX’s generally had some- 
what larger values of uncertainty due to repeatability 


than did the forebody pressures. These values were 
A r C p ~±0A for the wind tunnel and A r C p ~±0.2 for 
the flight data. 

Figure 24(a) compares the two tunnel data sets to 
flight data for a = 20° and P = 0°. In this figure the nose- 
ring-only data and the baseline data are virtually identi- 
cal, as was the case for the forebody pressures. Both sets 
of data, however, display values of C p that correspond 
to less suction underneath the LEX vortices than do the 
flight data. The level of mismatch, A C p ~±0.2, could 
be reduced at FS 253 if the wind tunnel data were simply 
switched from left to right sides. Such a switch could be 
justified on the basis that these LEX pressure asymme- 
tries, which are assumed to be the result of random geo- 
metric differences left to right, could have been just as 
easily in the opposite sense for either the HARV or the 
0.06-scale model. 

The behavior for a = 30° (fig. 24(b)) is similar to 
that for a = 20°. Here the utility of switching the flight 
data left to right is even a little clearer as the agreement 
would be improved at both FS 253 and FS 357. At 
FS 357, both tunnel data sets show comparable suction 
underneath the LEX vortices in comparison to the flight 
data. 

At a = 35° (fig. 24(c)), the tunnel data begin to con- 
sistently approach the levels of suction found in flight at 
all fuselage stations and, again, would agree better if the 
wind tunnel data were switched left to right. As men- 
tioned earlier, the flight data and the wind tunnel data are 
expected to have respective uncertainty due to repeatabil- 
ity of ±0.2 and ±0.1 in their values of C p . 

The comparisons for a = 40° and P = 0°, 4°, and 8° 
(figs. 24(d) to (f)) show that both sets of wind tunnel data 
generally follow the trends from flight. Sometimes the 
high-a gritting data appear to match flight data better, 
and sometimes the grit-ring-only data appear to match 
flight data better. While the differences at some orifice 
locations between the tunnel data are sometimes larger 
than A r C p ~ ±0.1, there are no systematic trends favor- 
ing one pattern over the other. 

Force and moment comparisons for the wind tunnel 
data with the baseline grit pattern and the nose-ring-only 
pattern are given in figures 25 and 26. The longitudinal 
properties (fig. 25) show very little difference between 
the two configurations. In fact, the only noticeable differ- 
ences occur with an apparent pitch-up tendency for the 
nose-ring-only pattern. This “trend,” however, may sim- 
ply be variation in the data due to the balance and will be 
discussed in more detail in the section entitled “A Closer 
Look at Longitudinal Forces and Moments.” 
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The lateral-directional comparisons for a = 30°, 35°, 
and 40° (fig. 26) illustrate that the differences between 
the baseline gritting data and the nose-ring-only data are 
sensitive to a. For example, in figure 26(a) for a = 30°, 
differences are small and are on the order of the repeat- 
ability differences previously shown in figure 8, where 
data were available only for a = 40°. At a = 35°, how- 
ever, some significant differences are beginning to 
appear in the values of C p with the baseline data being 
more linear and exhibiting more lateral stability, where 
lateral stability is defined as a negative slope of C l with 
p. At a = 40°, these differences are even more pro- 
nounced with the baseline grit data being more stable and 
linear than the grit-ring-only data for values of |f)| > 2°. 

Comparing Baseline to Baseline Plus Frontal Grit 

Pattern 

The first alternative grit pattern comparisons will be 
for the baseline pattern with additional No. 180 grit 
ahead of the nose ring, or what is called the “baseline 
plus frontal” grit pattern. On the basis of the effects of 
earlier transition to fully turbulent flow seen in flight for 
a = 35° and 45°, one might expect to see stronger vortex 
footprints at FS 85 and FS 107, with possibly weaker 
vortex footprints at FS 142. For the present wind tunnel 
data at a = 20° (fig. 27(a)), the baseline-plus-frontal and 
baseline data sets agree within the repeatability of the 
data, which was illustrated in figure 9. Apparently there 
is not enough forebody vortical flow at this low value of 
a to be influenced by the presence or absence of the fron- 
tal grit. At values of a = 30° and 35° (figs. 27(b) and (c)), 
grit in front of the grit ring does, as expected, a more 
effective job of causing transition in the flow upstream of 
the ring, as evidenced by larger vortical suction peaks in 
the first forebody pressure ring at FS 85. There is no 
clear impact at FS 107; therefore, this is a difference over 
what would be expected based on the flight data with 
gritting. Interestingly, as shown in figure 27(d) for 
a = 40°, the same decrease in forebody suction footprint 
occurs at FS 142 as was the case for the flight data with 
gritting. In general, there is better agreement between the 
baseline gritting pattern and flight data without grit than 
between the baseline plus the frontal grit and the flight 
data without grit. 

The corresponding comparisons for the LEX pres- 
sures are highlighted in figure 28. Here, however, differ- 
ences between the baseline plus frontal grit and the 
baseline pattern are not as obvious as with the forebody 
pressures. Furthermore, the differences between the two 
gritting patterns are well within the wind tunnel repeat- 
ability uncertainty of A r C p ~±0.1 for nearly all the a 
and (3 combinations. The differences for the data corre- 
sponding to a = 40° and P = 8° at FS 296 and y/s = 0.6 
(fig. 28(f)) are outside this uncertainty level and are on 


the same order as the uncertainty in the flight data, 
A r Cp~±0.2, at these more severe conditions. Neither 
pattern is consistently closer to the flight data than 
the other for all the a and P combinations shown in 
figure 28. 

The force and moment data for this comparison are 
shown in figures 29 and 30. The only noticeable differ- 
ences in the longitudinal properties occur in C . Again, 
these differences will be discussed in more detail in 
the section entitled “A Closer Look at Longitudinal 
Forces and Moments.” The only significant differences 
for lateral-directional properties are for C p where a 
nonlinearity in the baseline pattern between P = 0° and 
P = -2° is eliminated by the addition of the frontal 
pattern. 

Comparing Baseline to Baseline Plus Side Panel 

Grit Pattern 

The next alternative grit pattern was to add grit onto 
the side of the forebody above the position of the usual 
twin strips (fig. 19(d)). This “side” pattern was intended 
to simulate having grit in the region of maximum 
attached flow velocity along the sides of the forebody. 
This pattern is an opportunity to determine whether hav- 
ing excessive grit (“overgritting”) in the areas of maxi- 
mum flow velocity leads to the detrimental effects found 
by Nakamura and Tomonari in reference 19. The fore- 
body pressure data are summarized in figure 31. In this 
case, there are minimal differences between the grit pat- 
terns for a = 20° and 30°, and these differences are 
within the scatter of the sample repeatability data (fig. 9). 
At a = 35°, however, the vortex suction peaks for the 
side panel data at FS 142 begin to show more negative 
suction peaks than do the baseline peaks and agree better 
with the flight data. At FS 1 84, however, there is a little 
degradation of the agreement in the region about 
0 = 120° with the side grit. At a = 40° and P - 0°, the 
data with side panel grit overpredict the vortex suction 
strength at FS 107 and FS 142 and continue to deviate 
from the flight data at FS 184. For the sideslip data at 
a = 40°, the differences with the baseline data increase, 
as does the mismatch with flight data. As expected on the 
basis of the Nakamura and Tomonari paper, modest 
decreases in the magnitude of C p in the attached flow 
regions are beginning to occur at 0 = 70° and 240° for 
FS 142 and at 0 = 120° and 240° at FS 184. 

The corresponding LEX pressure data are shown in 
figure 32. Wind tunnel differences less than the nominal 
A r C p ~±0.1 are seen until the case of a = 40° and 
P = 8°. At this condition (fig. 32(f)), some consistent 
differences on the windward, or right LEX side, occur 
between the side panel gritting pattern and the baseline 
gritting pattern and the flight data. The data with side 


11 



panel grit show stronger vortex suction on the windward 
side at all three stations. Whether this difference is due to 
variations in the flow state at this extreme condition or to 
the grit pattern is not clear. In either event, the baseline 
data do agree more closely with the flight data. 

The force and moment information is shown in fig- 
ures 33 and 34. The longitudinal data in figure 33 show 
very little differences except for a pitch-up tendency at 
high-a that will be examined more in a later section. For 
the lateral-directional characteristics, the rolling-moment 
data suggest more lateral stability with the side panel grit 
and its associated stronger forebody vortices in the range 
of |p| < 4°. The yawing-moment data, already direction- 
ally unstable because of its negative slope, exhibit only a 
modest increase in the magnitude of instability. 

Comparing Baseline to Narrower Twin Strips 

Pattern 

In order to determine whether there was an impact 
due to the width of the twin strips themselves, an alterna- 
tive pattern was selected with 0.13-in. wide strips in con- 
trast to the 0.25-in. wide baseline pattern (fig. 19(e)). An 
examination of the forebody pressure data in figure 35 
reveals few differences and is essentially within the 
bounds of repeatability shown in figure 9. The same 
result seems to be the case for the LEX pressure data 
seen in figure 36. The data fall within the deduced 
repeatability band for the LEX’s, A r Cp~±0.1. The 
agreement in the force and moment data (figs. 37 and 38) 
is acceptable, even though the pitching-moment data 
show some differences, which will be discussed further 
in the next section. 

A Closer Look at Longitudinal Forces and 

Moments 

Because of the differences seen in the longitudinal 
force and moment data when plotted to the scales shown 
before, further data analysis was necessary. First, instead 
of plotting C L versus C D or C L versus C , it is more 
straightforward to graph both C m and C D as functions 
of a, which was estimated to be repeatable to within 
±0.02°. Second, instead of plotting the full values of C L , 
C D , and C m , the data trends become clearer when 8’s for 
each of these variables were analyzed because, in this 
manner, the scales can be magnified. 

These modifications to the longitudinal force and 
moment coefficients were accomplished by taking the 
following steps. First, all data were linearly interpolated 
to one set of values for a, which began at a = 22.5° and 
increased by increments of 2.5° until a reached a maxi- 
mum of 40°. This range of a ensured that all data sets 
would have close neighboring points for the interpolation 
process throughout the a range. Second, once all data 


sets were interpolated to have identical values of a, aver- 
ages and differences could be calculated. 

The average calculated was for the baseline grit pat- 
tern and the grit pattern with narrower strips. Because 
these two patterns gave very similar results in pressure 
data, it was concluded previously that the two patterns 
were both indicative of how the baseline grit pattern 
performs. Next, these averaged values of the baseline 
pattern were subtracted from all six gritting patterns — the 
baseline pattern, the baseline pattern plus the frontal grit, 
the baseline pattern plus the side grit, the baseline pattern 
with narrower twin strips, and the two applications of the 
nose-ring-only data. The resulting differential longitudi- 
nal properties, denoted by 6 C L , 5 C D , and 5 C , are 
presented in figure 39. 

The respective uncertainties in these components can 
be calculated by using the Langley calibration of the bal- 
ance and the trigonometric relations between C^, C A 
and C L , C D . This simple process results in the following 
values as a function of a: 


a, deg 

A b C L 

A b C D 

\C m 

20 

0.0179 

0.0067 

0.0041 

30 

.0165 

.0096 

.0041 

40 

.0146 

.0122 

.0041 


Generally, the repeatability of the balance is expected to 
be better than its total uncertainty. While the plots for 
5 C L and 8C D indeed show less variation than the 
uncertainty bands, which are shown by the heavy lines in 
figure 39, the variation in the data for 5C m seems to be 
as large or larger than the uncertainty bands. Some varia- 
tion is assumed to be due to the balance itself or to the 
operating procedures in the tunnel. For example, the data 
from the baseline pattern and the baseline pattern with 
narrower strips exhibit differences in 8C m on the order 
of 0.01 at a = 30°. These two patterns give virtually iden- 
tical pressure data and should be considered effectively 
as repeat runs. On the other hand, some of the differences 
in 8C m are believed to be systematic. 

To help identify systematic trends and to reduce the 
scatter within figure 39, the data were condensed further. 
For this next representation, the two data sets represent- 
ing the baseline pattern — the baseline data itself and the 
baseline with the narrower strips — are averaged. The two 
repeat runs with the nose-ring-only data are also aver- 
aged. Finally, as representing additional grit, the data 
representing the baseline plus frontal grit and the base- 
line plus side grit are averaged. The resulting compari- 
sons are shown in figure 40. 
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The differences in the plots of 8C L versus a and 
5 C D versus a are well within the uncertainty lines. 
However, in the plot of 5 C m versus a, trends appear that 
are still larger than the uncertainty expectations but that 
are consistent with gritting expectations. First, by virtue 
of the differencing imposed to calculate the values of 5 7 s, 
the average of the baseline data and the baseline data 
with narrower strips is zero over the entire range of a. 
Second, the data from the extra gritting, added to the 
baseline pattern, result in more positive values of 8C m 
starting at about a = 25° and reach a plateau near 
a = 30°. The more positive values of 5 C m would be con- 
sistent with more grit drag or with the stronger forebody 
vortices evident with the additional grit. Third, while 
showing more positive values of 8C m up to a = 32.5°, 
which is attributed to random variation in the data, the 
nose-ring-only data show significant negative increments 
beyond that value of a. These negative increments at 
higher values of a are attributed to the lack of effective- 
ness of the nose-ring-only pattern in causing transition to 
the turbulent flow topology. Consequently, the nose- 
ring-only pattern not only does not simulate the stronger 
vortical flow seen in flight, as evidenced by the previ- 
ously presented pressures, but also does not simulate the 
slightly greater pitching-moment values associated with 
the baseline gritting pattern. 

Summary Remarks on Gritting Results 

Referring to the discussion of Reynolds number 
effects on the smooth-sided forebodies of Lamont, it was 
expected that as Reynolds number increased, small 
effects would be seen at the FS 85 station, effects would 
be larger at FS 107, effects would be dramatic at FS 142, 
and effects would be minimal at FS 184. Also, the 
attached flow suction peaks forward on the forebody 
would also be expected to increase on the basis of the 
Lamont data. 

The performance of the high-a grit patterns some- 
times emulated the Lamont data and sometimes did not. 
For example, virtually no effects were seen at FS 85 at all 
with the baseline, high-a grit pattern. By adding frontal 
grit to the baseline grit pattern, differences at FS 85 were 
created, but they seemed to show vortex suction peaks 
that were stronger than those in ungritted flight data and 
even stronger than those in the gritted flight data. The 
larger differences at FS 107 between the nose-ring-only 
wind tunnel data and the flight data were actually best 
reduced with the baseline pattern. The dramatic differ- 
ences at FS 142 between the nose-ring-only data and 
flight were also reduced best with the baseline pattern. 
The frontal grit data suggest that with its stronger vortex 
suction forward on the forebody, vortex shedding occurs 
between the FS 107 and FS 142 and that this shedding 
reduces the suction peaks at FS 142. This reduction at 


FS 142 would be similar to what appears in the Lamont 
data and in the gritted versus ungritted flight data. The 
baseline pattern plus side grit was expected to have some 
negative impact on the comparisons. At the values of 
a = 40°, the vortex suction peak magnitudes were over- 
predicted with the side grit added. 

The attached flow suction peaks did not become 
more negative with high-a gritting patterns as would 
occur with a true increase in Reynolds number. The pres- 
ence of the grit in the cross-flow direction can change the 
boundary layer character to fully turbulent, but it cannot 
replicate the higher energy and thinner boundary layer 
that occur for flow at high Reynolds number. While a 
low Reynolds number test with grit can do a better job of 
simulating higher Reynolds number flow than ungritted 
data, it remains an approximation to the actual high 
Reynolds number flow seen in flight. 

Knowing where to place the high-a grit longitudi- 
nally could improve the agreement with flight data. 
However, the present research program did not pursue 
this additional degree of freedom for a practical reason. 
The longitudinal position along the flight vehicle where 
the fully turbulent flow topology begins will be a func- 
tion of angle of attack with the farthest aft cases corre- 
sponding to the highest angles of attack. Consequently, 
trying to optimize longitudinal location would require 
changes to the grit pattern for different angles of attack. 
These changes were not considered desirable because of 
the time required to change the grit pattern. The recom- 
mendation of the current work is to generally start the 
twin strips at the usual location in which the nose grit 
ring would be placed. 

While differences in the LEX pressure data were 
sometimes larger than the expected differences based on 
repeatability, no systematic differences were determined 
between the gritting patterns. Consequently, with regard 
to the flow about the LEX’s, it is not possible to reach 
any conclusions concerning the use of one grit pattern 
over another or even the usefulness of employing a 
high-a grit pattern at all. 

Conclusions 

The present investigation has explored using new 
types of high-a gritting patterns to better simulate the 
high Reynolds number boundary layers associated with 
flight in a conventional wind tunnel test with a 0.06-scale 
model of an F/A-18. To this end, wind tunnel data with 
the forebody and wing leading-edge extension (LEX) 
pressures resulting from high-a gritting patterns are 
compared to those resulting from a traditional nose ring 
and to flight data taken with the High- Alpha Research 
Vehicle (HARV). The need for this technology arises 
from the sensitivity of smooth-sided forebodies to 
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changes in Reynolds numbers and from the observation 
that during most conventional wind tunnel test programs 
for this configuration, the effective Reynolds number of 
the forebody will result in simulating values of normal 
force on the model forebody that are less than what 
would be seen in flight. The significant conclusions of 
the report include the following: 

1. Based on the generic ogive-cylinder data of 
Lamont, it is crucial to develop an effective gritting pat- 
tern in order to more closely simulate normal force on the 
forebody and to simulate flight-like Reynolds number 
character in the pressure distributions. 

2. The baseline high-a gritting pattern of this study, 
which is composed of both twin strips arranged longitu- 
dinally along each side of the body and a traditional nose 
ring, improves the pressure agreement between wind 
tunnel and flight data. This agreement is particularly 
enhanced at F/A-18 fuselage stations FS 142 and FS 184. 

3. Adding additional grit to the front on the baseline 
high-a gritting pattern changed the C p distribution at 
FS 85 and FS 142. These differences were similar to 
what is seen when the transition to turbulence was moved 
forward on the flight vehicle with twin strips. However, 
the general agreement of this wind tunnel gritting pattern 
with the ungritted flight data was not as good as that with 
the baseline pattern. 

4. Adding side panels of grit to the baseline gritting 
pattern on the 0.06- scale model was an attempt to simu- 
late the presence of excessive grit. This overgritting, in 
general, results in very modest losses in the suction val- 
ues of C p in the regions of maximum attached flow 
velocity for sideslip conditions at a = 40°. This loss is 
attributed to the artificial thickening of the boundary 
layer from the excessive grit, which, in turn, softens the 
effective radius of curvature of the body in the cross-flow 
plane. More importantly, the vortex suction peaks at 
FS 142 with the side grit are actually too large when 
compared to the flight data. Again, this gritting pattern 
did not agree as well with the ungritted flight data as did 
the baseline pattern. 

5. Replacing the twin strips with strips one-half their 
width resulted in no change in the pressure distributions 
or force and moment plots beyond what would be 


expected for data repeatability. This result would suggest 
that the data are not sensitive to the width of the twin 
strips. 

6. While the pressure data over the forebody with 
the baseline high-a gritting pattern do demonstrate stron- 
ger vortical activity, changes in the longitudinal forces 
and moments are apparently confined to minor changes 
in pitching moment. 

7. This same stronger forebody vortical activity with 
the baseline high-a gritting pattern resulted in higher lev- 
els of lateral stability. In fact, the even stronger levels of 
vortical flow seen with the baseline pattern plus the side 
panels led to yet higher values of lateral stability. Thus, it 
appears that there is a correlation with this F/A-18 con- 
figuration between strengths of the forebody vortices and 
the level of lateral stability. 

8. Testing future configurations with smooth-sided 
forebodies with and without high-a gritting patterns is 
strongly recommended. The differences between the two 
sets of data will alert the researcher to the possible incre- 
ments in pressures and forces and moments that may 
occur when going from the lower Reynolds numbers 
associated with conventional wind tunnels to the higher 
values of Reynolds number associated with flight. The 
suggested high-a gritting pattern is to add twin, longitu- 
dinal strips to a nose ring about the forebody to be certain 
that the transition in the boundary layer has occurred at 
low, moderate, and high angles of attack. The azimuthal 
locations of the twin strips, as discussed earlier, must be 
(1) far enough from the windward plane of symmetry to 
ensure that the Reynolds number based on run length is 
high enough that the grit will cause transition in the 
boundary layer, (2) far enough from the windward plane 
of symmetry to reduce the sensitivity of the grit to side- 
slip, but (3) not so far from the plane of symmetry that it 
approaches the region of maximum attached flow veloc- 
ity, where the losses due to the grit can adversely impact 
the data. For the Langley applications, a good range of 
azimuthal locations is between 72° and 54° from the 
windward plane of symmetry. 


NASA Langley Research Center 
Hampton, VA 23681-2199 
February 19, 1998 
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Figure 3. The 0.06-scale F/A-18 model installed in tunnel with pressure-instrumented forward fuselage shown in black. 



Figure 4. Forebody and LEX pressure stations used for this study for both flight and wind tunnel. Dimensions are in 
inches full scale (0.06 scale). 
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Figure 7. Repeatability assessed for lateral properties. No correction for a. 
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Figure 9. Repeatability using interpolation routine for forebody pressure distributions. Second data set interpolated to 
match a. 
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Figure 1 1 . NASA F- 1 8 HARV in flight. 
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(a) a = 30°; p = 0°. 

Figure 12. Repeatability for flight forebody pressure data. 
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Figure 13. Repeatability for flight LEX pressure data. 
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Figure 16. Similarity in planform between F/A-18 forebody and 2.0-diameter tangent-ogive-cylinder model used by 
Lamont (ref. 2). 



Figure 17. Influence of a and Re^ on integrated forebody normal force calculated for the first 3.5 diameters of 
Lamont’ s 2.0-diameter tangent-ogive-cylinder model. 
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Figure 18. Reynolds number effects measured by Lamont (ref. 2) with 2.0-diameter tangent-ogive-cylinder. 
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(a) Photograph of baseline, high-a gritting pattern. 
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(b) Schematic of baseline, high-a gritting pattern. 


Figure 19. Gritting patterns used with 0.06-scale model. 
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Figure 19. Concluded. 
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Figure 27. Comparing tunnel forebody pressure data with baseline grit pattern plus frontal grit to baseline grit pattern 
and flight data without grit. 
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(a) a = 20°; P = 0°. 

Figure 28. Comparing tunnel LEX pressure data with baseline grit pattern plus frontal grit to baseline data and flight 
data without grit. 


82 






leg P, deg 


Grit 


Interpolated 


3.0 

3.0 

3.2 


0.2 

0.1 

0.2 


1.38 x 10 6 
1.40 x 10 6 
10.30 x 10 6 


Baseline + frontal 
Baseline 
No grit 


Yes 

Yes 

No 


FS 253 



FS 357 



y/s 



(b) a = 30°; P = 0°. 
Figure 28. Continued. 
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(d) a = 40°; p = 0°. 
Figure 28. Continued. 
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Figure 31. Comparing tunnel forebody pressure data with baseline grit pattern plus side grit to baseline grit pattern and 
flight data without grit. 
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Figure 32. Comparing tunnel LEX pressure data with baseline grit pattern plus side grit to baseline grit pattern and 
flight data without grit. 
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Figure 35. Comparing tunnel forebody pressure data with baseline grit pattern modified with narrower twin strips to 
baseline grit pattern and flight data without grit. 
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Figure 36. Comparing tunnel LEX pressure data with baseline gnt pattern modified with narrower twin strips to base- 
line grit pattern and flight data without grit. 
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Figure 40. Averaged differential longitudinal properties. 
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